In a toluene-treated mutant of Escherichia coli K-12 having a temperaturesensitive, conditionally lethal mutation in the structural gene for deoxyribonucleic acid (DNA) ligase, an extensive DNA repair synthesis occurred in X-irradiated cells at the nonpermissive temperature, 42 C. At the permissive temperature, 30 C, nearly normal semiconservative synthesis and limited repair synthesis were observed when DNA ligase was activated by the addition of nicotinamide adenine dinucleotide.
In toluene-treated Bacillus subtilis strains possessing normal deoxyribonucleic acid (DNA) ligase activity, nicotinamide adenine dinucleotide (NAD) reduces and nicotinamide mononucleotide (NMN) stimulates a DNA polymerase I-dependent DNA repair synthesis after X-ray exposure (1, 2) . Since NAD is the cofactor for DNA ligase in bacteria (7, 13) and NMN is an inhibitor of DNA ligase activity (8) , the tentative conclusion was drawn that DNA ligase is involved in the limiting of DNA polymerase I-dependent repair synthesis.
For more direct evidence of the role of DNA ligase in controlling the extent of nucleotide insertion, we constructed a double mutant of Escherichia coli K-12 with a temperature-sensitive, conditionally lethal mutation in the structural gene for DNA ligase (4, 6, 11) and a mutation in the endA gene.
At 30 C the double mutant exhibits X-rayinduced repair synthesis similar to that seen in toluene-treated wild-type Bacillus subtilis (1, 2) . X-ray-induced repair synthesis is markedly reduced when NAD is present in an assay mixture containing toluene-treated cells from which endogenous NAD has been partially removed by washing (10) . At the nonpermissive temperature of 42 C, NAD no longer reduces X-ray-induced repair synthesis.
The E. coli strain used in this study, OR129 lig-7 (ts) endAl thi nalr strA', was constructed by conjugational transfer of the lig-7 mutation into strain AB3063 endAl thi strAr (obtained from R. P. Boyce). First a spontaneous mutant of E. coli N2668 F-lig-7 (ts) (4) resistant to 40 ,ug of nalidixic acid per ml was isolated and made F+ by mating it with an F+ E. coli strain (3) . Ultraviolet light mutagenesis, followed by penicillin selection, resulted in a mutant that was F+lig-7 (ts) nalrleu. The nalA gene at 42.3 min on the E. coli chromosome and the lig-7 gene at 45.5 min (12) are close enough on the chromosome to allow nalidixic acid resistance to be used to select for recombinants with defective ligase. One recombinant (OR129) of several that failed to grow at 42 C was selected for further study.
E. coli OR129 was grown at 30 C in L broth or in a minimal salts medium (MMA) containing 4.5 g of KH,PO,, 10.5 g of K2HPO,, 1.0 g of (NHJ)2SO,, and 0.5 g of sodium citrate 2H20 per liter supplemented with 0.4% glucose, 0.2% vitamin-free Casamino Acids (Difco), 0.01 M MgSO4, and 10 ug of thiamine per ml. DNA was bulk labeled by growing cells in MMA in the presence of 50 Mg of 2'-deoxyadenosine and 0.1 ,Ci of [14C]thymidine (56 mCi/mmol; Schwarz/Mann) per ml. Toluene treatment, Xirradiation, assay conditions for measuring DNA synthesis, and isopycnic analysis were as previously described (1).
X-ray exposure of toluene-treated B. subtilis cells causes a two-to tenfold increase of DNA polymerase I-dependent [8H ]thymidine triphosphate incorporation into DNA (1, 2). When toluene-treated E. coli OR129 was incubated at 30 C, there was an increase in the amount of DNA synthesized after an X-ray dose of 20 krad ( Fig. 1) Isopycnic gradient analysis of DNA was carried out to determine the mode of DNA synthesis in the toluene-treated cells with and without irradiation. If repair-type synthesis is limited by DNA ligase as suggested by our previous studies with B. subtilis (2) , then addition of NAD should effectively reduce a repair-type synthesis at the permissive temperature (30 C). However, at the nonpermissive temperature of 42 C, DNA ligase activity should be minimal and the addition of NAD should not deter extensive repairtype synthesis. The data given in Fig. 3 clearly fits this expectation. At 30 C, under conditions of minimal DNA ligase activity (addition of NMN), repair-type synthesis is enhanced and replicative synthesis is inhibited in the irradiated cells (Fig. 3B) as compared with the unirradiated cells (Fig. 3A) . The activation of DNA ligase by the addition of NAD to the complete reaction mixture results in a reduction in repair synthesis while allowing the expression of a replicative synthesis mode after X-irradiation (Fig. 3C ). NAD has a slight effect on DNA synthesis in unirradiated toluene-treated B. subtilis (2) and E. coli (data not shown).
At 42 C, repair synthesis was enhanced in the irradiated cells (Fig. 3E) as compared with the unirradiated cells (Fig. 3D) , but the addition of NAD failed to reduce X-ray-stimulated repair synthesis (Fig. 3F) . Semiconservative synthesis is not seen in the irradiated cells held at 42 C, but since semiconservative synthesis is also reduced in the unirradiated cells held at 42 C this probably reflects a response of DNA replication by these cells to this temperature.
We conclude that the NAD effect in irradiated cells results from its role as cofactor for DNA ligase.
We have evidence that the extent of DNA polymerase I activity in X-ray-induced repair synthesis in toluene-treated cells depends directly on the level of ligase activity, whereas that of DNA polymerases II and III does not (D. Billen and G. R. Hellermann, unpublished observations). From the results presented here for E. coli, and our previous observations on B. subtilis (2), we suggest that DNA ligase directly affects the extent of DNA polymerase I-dependent resynthesis during X-ray-induced repair in toluene-treated bacterial cells by termination of nucleotide reinsertion as a result of ligation.
In studies utilizing purified enzyme preparations, a similar concerted action of DNA polymerase and DNA ligase has been implicated in the final steps of DNA replication (9) and also in excision repair after irradiation of DNA with ultraviolet light (5) .
